In this work, optimal operation of an Electric Submersible Pump (ESP) lifted oil field is developed by using a Nonlinear Model Predictive Control (NMPC) framework. NMPC is used not only for setpoint tracking but also as an economic optimizer for maximizing profit. Optimal control problem is formulated as a general nonlinear programming (NLP) problem with process constraints. The scope of the NMPC framework is to operate the ESP of each oil well inside its designated operating window by minimizing the cost of the total power consumed by all the ESPs in the field and the cost of operating the separator. In other words, the speed of the ESPs and the production choke valves opening should be optimally chosen for maximizing the profit. At the same time, the capacity of the separator should not be exceeded. The simulation results show that the production choke valves are always 100% opened to maintain optimal fluid flow rate from the reservoir. With no constraints in the top side facility (separator capacity), it is optimal to run the ESP pumps in the upper right corner of the allowed operating window for the ESPs.
Introduction
ESPs are normally used for pumping out heavy crude oil from an oil reservoir. Field wide control and optimization is of high interest to the oil industries while extracting heavy crude oil from the reservoir in an ESP lifted oil field. Fig.  1 shows an oil field with four oil wells. Each oil well is equipped with a bottom hole ESP unit and a production choke valve. This down hole pump is used to pump out crude oil from the reservoir. The oil produced from each oil well is collected together in a common production manifold. To ease the transportation of the high viscous fluid produced from the reservoir over a long distance, the viscosity of the fluid should be reduced. This is achieved by adding water to the production manifold from one end by using a water injection valve. The amount of water to be added is calculated such that the water cut of the fluid in the production manifold is at least 0.5. Two parallel trans- portation lines are used to transport the fluid from the gathering manifold to a separator located on the topside facility. Each transportation line is fitted with a booster pump which is used to increase the pressure to overcome the sum of flowing pressure losses in the transportation line. The amount of fluid produced from each oil well can be varied by changing the speed of the ESP. The speed of the pump is changed by changing the electrical frequency driving the motor. The production choke valve in addition to the ESP can also be used to regulate the amount of fluid produced from the reservoir by changing its valve opening.
Electrical power is supplied to the motor of the pumps by electric cables running from the surface. The nominal operating frequency of each ESP is usually 60 Hz. However, operating the oil field in such a manner might not always be optimal. For example, it is not optimal to run the pump at 60 Hz for a lower separator capacity because the pumps are consuming higher power for lower flow rate. The main objective is to maximize the total oil production from the oil field by minimizing the total cost involved in operating the oil field. The main operational expenses in the ESP lifted oil field considered in this paper are the cost of electric power consumed by the pumps and the cost of running the separator. There are numerous constraints which must be satisfied for optimal operation of the oil field. Each ESP has its own operating window as shown in Fig 2. Running an ESP pump outside the window reduces the life of the pump due to excess upthrust or down thrust acting on the pump. The speed of the ESP should be within a minimum of 45 Hz to a maximum of 80 Hz. The flow rate through the ESP for a given frequency should be within its lower and upper flow rate limits. At the same time, the separator capacity should be fully utilized and must not be exceeded [1] . The oil wells of the field are highly interactive due to the presence of the common production manifold which is attached to each oil well. This means that if the operating condition of one oil well is changed, all the remaining oil wells will also be affected in terms of their pressures and flow rates [2] . So the main challenge is to find out the optimal speed of each ESP and the optimal production choke valve opening of each oil well that will satisfy all the optimal working conditions. From an economic point of view, the optimal operating condition is to produce maximum oil by using the least electrical power and also to enhance the life of the pumps by running the pumps well inside the operating window.
The operation of the ESP lifted oil field involves multi-pump system. Numerous literature on optimization and control of multi-pump systems can be found as in [3] , [4] and [5] . Use of MINLP for energy efficient control of offshore pump system can be found in [6] . Steady state nonlinear optimization of an ESP lifted oil field using Sequential Quadratic Programming (SQP) can be found in [7] . An optimal control structure for the operation of the ESP lifted oil field was proposed by [1] where the production choke valves are always fully opened. The pump speeds are calculated by a steady state nonlinear optimizer which are then supplied as setpoints to PI controllers for controlling the speed of the ESPs. In this paper, a nonlinear MPC is implemented for the optimal operation of the oil field. A dynamic nonlinear model of the process that takes into account all the constraints is fully utilized to calculate the combination of the pump speeds and the production valve openings that will operate the field in an optimal manner. It is shown that NMPC can be used not only for setpoint tracking but can also be used for economic optimization of a process with increase in profit. A brief description of the model of the oil field is given in Section 2. Formulation and implementation of the NMPC structure with nonlinear programming problem optimization is outlined in Section 3. The use of NMPC for achieving control objective with detailed discussion on the simulation results can be found in Section 3.1. Implementation of the NMPC structure for control objective as well as for economic optimization is outlined in Section 3.2 with detailed discussion on the simulation results. The case of considering an unlimited separator capacity i.e. without imposing any constraints to the top side facilities is discussed in Section 4. Finally the conclusion of the findings of this paper is summarized in Section 5.
Model of the oil field
A dynamic nonlinear model of the oil field is considered for the implementation of the NMPC. A detailed model of the oil field including the model of the pump and the dynamics of the oil wells can be found at [2] . Detailed simulation results including the interactions among the pumps for different operating conditions can also be found at [2] . In this paper, only the final equations of the oil field model have been rewritten similar to the paper by [1] and [7] . The superscript i and j denote the i th oil well and the j th transportation pipeline.
ESP model
The head characteristic (H i esp (Q, f )) of the i th multi-stage ESP for pumping viscous fluid for any given frequency f is written as a third order polynomial
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Here, q l , q r , q c , q tr are the average fluid flow rates through a well, from reservoir into tubing, through production choke valve and through transportation pipeline respectively. A t , L t , A r , L r are the cross sectional areas and lengths of tubing in section I and II respectively. A tr , L tr , A m , L m are the cross sectional areas and lengths of transportation pipeline and gathering manifold respectively. P wf , P wh , P man , P s are the bottom hole, well head, gathering manifold and separator pressures. H esp , H bp are the head produced by the ESP and booster pumps. ρ l , ρ tr are the densities of fluid flowing through the well and transportation line. q i r can be expressed using the Productivity Index (P I) model [8] , [9] and reservoir pressure P r as
q i c can be expressed using the standard flow equation ANSI/ISA S75.01 developed by Instrument Society of America [10] as
Here,N 6 = N 6 /(3600 √ 10 5 ) with N 6 = 27.3. The valve characteristic as a function of its opening (C v (u i )) is modeled by three linear equations by fitting the data supplied by the choke supplier as The pressure loss due to friction is calculated using DarcyWeisbach formula [11] as
Here, ρ is the density of fluid flowing through the pipeline, D h is the hydraulic diameter of the pipe and v is the velocity of the fluid. The Darcy friction factor f D can be evaluated using Serghide's explicit approximation to Coolebrook-white equation [12] .
NMPC for optimal operation
The framework of NMPC is to utilize the nonlinear model of the process in order to predict and optimize the future system behavior [13] . The main objective of the NMPC is to control the speed of the pumps and the valve opening of the production choke valves for maximizing profit of the oil field as shown in Fig. 3 . The cost function to be optimized is divided into two major categories namely control objective and economic objective. One of the criteria to be satisfied during the operation is to use the separator to its fullest. The control objective is to track the separator capacity. The economic objective is to maximize the total oil production from the field, minimize the cost of the total electrical power consumed by the ESPs and minimize the cost of running the separator. Let L be the prediction horizon length, λ SP ≥ 0 be the weighting factor for separator capacity tracking, q max tr be the given separator capacity, superscript l denote the prediction horizon samples and N b = 2 be the number of transportation lines. The control objective in standard quadratic form without penalizing the rate of change of control inputs can be written as follows
Here, (.) denotes Euclidean norm. Let C o be the unit price of crude oil, C e be unit price of the electrical power, C s be unit price for running the separator, N = 4 be the number of oil wells, W C i w be the water cut for each well and λ eco ≥ 0 be the economic weighting parameter. The economic objective in standard quadratic form without penalizing the rate of change of control inputs can be written as follows
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Let λ con ≥ 0 be the control deviation variables weighting parameter. Considering the control horizon to be equal to the prediction horizon, the overall NMPC cost function J in quadratic form after imposing penalty to the rate of change of control signals can be written as
At each time instant k, optimal control action is obtained by minimizing the cost function given by Eq. (16) with respect to V and subject to various constraints. The NMPC algorithm can be written as follows 
2. The fluid flow rate through the pump should be within the operating window.
3. The speed of the pump should be within 45 Hz to 80
Hz.
4. The production choke valve openings should be within 0 to 100.
There are also constraints in the rate of change of input signals. The speed of the pump cannot be changed by more than 1 Hz per second. The production choke valve opening cannot be changed by more than 1% per second. Finite horizon optimal control NonLinear Porgramming (NLP) problem given by Eq. (17) -Eq. (21) is solved at each sampling time using active-set method. Out of the ( V * k , ..., V * k+L ) optimal control sequence obtained after solving the optimization problem, only the first control action is applied to the process for each time instant k to get the desired feedback control. The k th control action can be obtained as
The horizon is then shifted by one sampling interval and the next time instant control action is obtained by optimizing again over the shifted horizon using the new measurements obtained from the process [13] . There are 8 control signals acting in the oil field. Over the prediction horizon L, there will be a total of L × 8 variables to be optimized at each sampling interval. The computational time and the complexity of the optimization problem will be large. In order to reduce the number of variables to be optimized, the control signals are kept constant over the prediction horizon. By doing this, the variables to be optimized at each sampling time are reduced to 8 from L × 8 variables. This significantly reduces the computational time and the complexity of the optimal control problem. In this paper, MAT-LAB is used for all the simulation results. The prediction horizon length is L = 10 samples into the future and the sampling time is 0.1 seconds.
Considering only control objective
In order to show that NMPC can be used as economic optimizer for maximizing profit, it is first necessary to show that it functions correctly for solving the control objective to track the maximum separator capacity. NMPC is used as a set point tracker by using λ eco = 0 in Eq. (14). This will make J eco = 0 in Eq. (17). The simulation is started with some non optimal distribution of the speed of the ESPs and the opening of the production choke valves. The setpoints i.e. the separator capacities are changed by steps at different simulation times. At t = 5 seconds, the separator capacity is increased from 10000 Sm 3 /day to 11000 Sm 3 /day. It is then decreased to 10500 Sm 3 /day at t = 25 seconds and then finally to 9000 Sm 3 /day at t = 50 seconds as shown in Fig. 4(a) .
For each step change in the separator capacity, the NMPC algorithm calculates the control actions as shown in Fig. 4(c) for the production choke valve openings and in Fig. 4(d) for the speed of the ESPs for each oil well. These Working window for ESP control actions are applied to the oil field to track different separator capacities as shown in Fig. 4(a) . The nonlinear MPC calculates the control actions in a way that each of the oil wells are operated inside the designated operating envelop as shown in Fig. 4(b) . Operating the oil wells inside the working envelop ensures prolonged and safe operation of the ESPs. Fig. 5 shows that more brake horse power is consumed by the ESPs for larger separator capacities and vice verse. The pumps have to operate at higher speeds for meeting higher separator capacity and thus consumes more electrical power. Similarly Fig. 6 shows the total oil produced from the oil field. Since the water cut in the common production manifold is kept at 0.5, the total crude oil produced from the oil field is half the separator capacity as shown in Fig. 6 . For tracking different separator capacities, it is interesting to note that the speed of the ESPs and the production choke valve openings of all the oil wells in Total oil production Figure 6 . Total oil production with only control objective.
the field are used. In other words, the control action is distributed through out the field and each oil well contributes to fulfill the control objective. However, it should be noted that in the absence of the economic objective in the optimal control problem formulation, the total brake horse power consumed by the ESPs are not optimal. The control actions i.e the combination of the pump speeds and the production choke valve openings are generated in a way that the pumps are consuming more electrical power for pumping the fluid out of the reservoir. Section 3.2 shows that a unique combination of the production choke valve openings and the pump speeds can result in less consumption of electrical power for pumping the same quantity of fluid from the oil field. Working window for ESP (d) ESP speed Figure 7 . Use of NMPC with both economic and control objectives in the optimal control problem.
Considering both economic and control objectives
The economic objective of maximizing profit can be invoked by using λ eco ≥ 0 in Eq. 14. The weighting parameters λ SP and λ eco are chosen by trial and error. The simulation is started from a non optimal distribution of control actions. The initial speed of the pumps for well 1 to well 4 are about 66Hz, 47Hz, 68Hz and 63Hz respectively. The initial production choke valve openings for well 1 to well 4 are about 95%, 100%, 80% and 90% respectively as shown in Fig. 7 . Until t = 35 seconds, only the control objective is used. At t = 10 seconds, the separator capacity is increased to 11000 Sm 3 /day from 10000 Sm 3 /day. Until t = 35 seconds, the separator capacity setpoints are met by the NMPC as shown in Fig. 7(a) and the NMPC is behaving only as a controller. However, the operation until t = 35 seconds is non optimal.
At t = 35 seconds, the economic objective is invoked. NMPC solves the optimal control problem of Eq. (17) -Eq. (21) which in this case involves both the control and the economic objectives. The control actions are reorganized immediately. As shown in Fig. 7(c) , the openings of the production choke valves of each oil well are steadily increased after t = 35 seconds until they reach their maximum opening limit of 100%. At the same time as shown in Fig. 7(d) , the speed of the ESPs of each oil well are redistributed after t = 35 seconds. The ESP of well 2 which was operating at lower speed is increased and the speeds of the ESPs of the remaining oil wells are reduced. This optimal distribution of the control actions results in reduced consumption of total electrical power by the ESPs.
As shown in Fig. 8 , for 11000 Sm 3 /day separator capacity, the non optimal total BHP before the economic objective is started i.e. before t = 35 seconds is about 2295 HP/sec. However, the consumption of the total BHP by the ESPs reduces to 2118.7 HP/sec after the economic objective is started. There is a reduction in the total power consumption by a significant amount of about 176.3 HP/sec as can be seen in Fig. 8 . This reduction in the total power consumption however comes with a small price to pay. The total oil produced from the oil field will be reduced by an insignificant amount of 0.4 Sm 3 /day as shown in Fig. 9 after t = 35 seconds. Electrical power consumption is operating expense for the oil field. So a significant reduction in electrical power consumption while still producing almost the same amount of crude oil (≈ 5500 Sm 3 /day) from the oil field means increase in the profit. The minor steady state deviation in the production of crude oil also causes a very small steady state deviation of about 0.8 Sm 3 /day in tracking the separator capacity after t = 35 seconds. The control actions are generated by the NMPC in a way that the operation of the ESPs for each oil well is always inside the defined operating envelop as shown in Fig. 7(b) . In general, it can be said that for optimal production of oil from the field, the production choke valve of each oil well should be fully opened and the speed of the ESPs should be chosen appropriately so as to minimize the total power consumed by them. When a single equation is used to incorporate two different objective functions as in Eq. (17) with both the control and the economic objectives, improvement in one of the objective comes from the weakening of the other objective. In our case, the weakening (the steady state error of about 0.4 Sm 3 /day in total oil production) is insignificant in comparison to the improvement (the decrease of the total power consumed by about 176.3 HP/sec). In general, the value of the offset depends on how the weighting parameters λ SP and λ eco are tuned.
Unlimited separator capacity
In section 3.2, NMPC is used for optimal operation of the oil field by imposing a limitation to the separator capacity. In this section we assume that the separator has unlimited capacity. It is interesting to study about the optimal operating conditions of the oil field under such an assumption. λ SP can be set to zero in Eq. (13) to simulate the case for unlimited separator capacity. In other words, this case is similar to using NMPC optimization problem of Eq. (17) -Eq. (21) for solving only the economic objective without the control objective. The simulation is started with a production of 5000 Sm 3 /day of crude oil from the oil field. As can be seen from Fig. 10(a) , for unlimited separator capacity, the production choke valve opening of each oil well is taken to its maximum opening limit of 100%. Similarly in Fig. 10(b) , the speed of the ESP for each oil well is increased by the NMPC until it reaches its maximum operating frequency of 80Hz.
Thus when no constraints on fluid handling capacity towards the separator side or top side facilities are assumed, it is most profitable to operate the oil field by opening the production choke valves to their fullest and running the ESPs at their maximum rated speed. The maximum amount of crude oil that can be produced from the oil field is 6879.2 Sm 3 /day as shown in Fig. 10(c) . The maximum amount of fluid that flows through all the transportation lines towards the separator i.e. the top side facilities is 13758.4 Sm 3 /day. All the ESPs of the oil field are operating at the right top corner of their operating envelop as shown in Fig.  10(d) . For each speed of the pump, the left hand edge of the operating window is the minimum flow rate line (see Fig. 2 ). With the same speed of the pump, operating the ESP at the right hand edge of the operating window produces more crude oil from the reservoir and hence more profit from the oil field. The red spots in Fig. 10(d) are the operating points of the ESPs for each oil well for the case of unlimited separator capacity.
Conclusion
Nonlinear MPC exploits the dynamic nonlinear model of the process to generate control actions for optimal operation of the oil field. In this paper, the cost function consists of both the control objective and the economic objective. The economic objective is to maximize the production of oil from the oil field while minimizing the operational expenses of the oil field. Optimal operation of the oil field is performed considering only a single separator capacity of 11000 Sm 3 /day. However, the same NMPC algorithm can be used for other separator capacities including infinite separator capacity and the optimal locus of the pump head in the ESP operating window can be traced in advance. Use of nonlinear MPC causes reduced consumption of electrical power by the ESPS while still maintaining almost the same production of crude oil from the oil field. In other words, reduction in the operational expense for the same income means increase in profit. Thus, it is shown in this paper that optimal operation of an ESP lifted oil field increases profit from the oil field and a nonlinear MPC can be used for the purpose. 
